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1
APPARATUS AND METHOD FOR BED
BOUNDARY DETECTION

FIELD OF THE INVENTION

The present invention relates generally to the field of elec-
trical logging of oil wells. More particularly, the invention
relates to an apparatus and a method for detecting the location
and orientation of a bed boundary.

BACKGROUND OF THE INVENTION

The use of electrical measurements for gathering of down-
hole information, such as logging while drilling (“LWD”),
measurement while drilling (“MWD”), and wireline logging
system, is well known in the oil industry. Such technology has
been utilized to obtain downhole information, such as forma-
tion resistivity (or conductivity; the terms “resistivity” and
“conductivity”, though reciprocal, are often used inter-
changeably in the art.), dielectric constant, etc, to determine
the petrophysical properties of a subterranean formation and
the fluids therein accordingly. The collected downhole infor-
mation can help delineate hydrocarbon (such as crude oil or
gas) and other contents in the porous formation and identify
bed boundary in between different formations. Itis preferable
to keep the borehole in the pay zone (the formation with
hydrocarbons) as much as possible so as to maximize the
recovery.

Various measurement tools exist for use in LWD, MWD, or
wireline logging system. One such tool is a resistivity tool.
FIG. 1 shows a conventional resistivity tool, which includes a
drill string 100, a pair of transmitters T1 and T2 for transmit-
ting electromagnetic signals through surrounding formation,
a pair of receivers R1 and R2 for receiving electromagnetic
signals from the pair of transmitters T1 and T2, and a drill bit
112 at a distal end of the drill string 100. Compared to the
transmitter T2, the transmitter T1 is closer to the pair of
receivers R1 and R2.

InFIG. 1, the drill string 100 rotates and moves ina firstbed
formation 102 toward a bed boundary 106 between the first
bed formation 102 and a second bed formation 104. When the
drill string 100 is approaching the bed boundary 106, elec-
tromagnetic signals sourced from the transmitter T2 108 start
penetrating the bed boundary 106, propagate through the
second bed formation 104, and then are received by the pair of
receivers R1 and R2. However, at the same time, electromag-
netic signals sourced from the transmitter T1 110 still propa-
gate through the first formation 102 only and then are received
by the pair of receivers R1 and R2 at the end. Accordingly, the
resistivity data measured by the transmitter T1 would be
different from the resistivity data measured by the transmitter
T2. The difference of measured resistivity indicates the pres-
ence of the bed boundary 106.

To keep a resistivity tool staying within the pay zone, a
decision of steering the resistivity tool requires not only infor-
mation of the location of a formation boundary, but also
information of its orientation. The resistivity tool shown in
FIG. 1 can not identify the orientation of the bed boundary
106 with respect to the drill string 100. Therefore, a “direc-
tional” resistivity tool was invented accordingly. The direc-
tional resistivity tool can be azimuthally sensitive by collect-
ing logging information on azimuthally different angles
while rotating. As shown in FIG. 2, a borehole can be divided
into a number of bins (or sectors) 200~230. Conventionally,
the number of bins is 16 or 32. The location and orientation of
a formation boundary can be computed based on the correla-
tion results of measured resistivities from each bin. However,
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mechanical rotation of the directional resistivity tool brings
some disadvantages. For example, the vibration and shaking
of'the directional resistivity tool would significantly affect the
accuracy of data measurements. Furthermore, the speed of
mechanical rotation has physical limitation.

So far some procedures have been implemented to avoid
vibration problems, such as stopping the tool in each bin
while conducting measurements in this bin. It may solve the
vibration problems, but greatly prolongs the process of data
measurements.

As described above, a need exists for an improved appara-
tus and method for detecting the location and orientation of a
bed boundary without requiring the apparatus to rotate
mechanically.

A further need exists for an improved apparatus and
method for detecting the location and orientation of bed
boundary without vibration or shaking issues causing inac-
curacy of data measurements.

A further need exists for an improved apparatus and
method for detecting the location and orientation of a bed
boundary in an efficient way.

The present embodiments of the apparatus and the method
meet these needs and improve on the technology.

SUMMARY OF THE INVENTION

This section provides a general summary of the disclosure,
and is not a comprehensive disclosure of its full scope or its
entire feature.

In one preferred embodiment, a method for performing
detection of a bed boundary includes deploying a tool body
with a longitudinal axis in a borehole, modulating the mag-
netic moments of electromagnetic signals to be transmitted
by the first transmitter and the second transmitter, firing the
first transmitter and the second transmitter substantially
simultaneously, utilizing the receiver to receive and measure
the modulated electromagnetic signals from the first trans-
mitter and the second transmitter, and computing the orien-
tation and location of the bed boundary based on the ampli-
tudes and phases of the electromagnetic signals received and
measured at the receiver.

Insome embodiments, the tool body is deployed with a first
transmitter, a second transmitter, and a receiver, all of which
are oriented in different directions.

In some embodiments, the vector of the total magnetic
moment of the modulated electromagnetic signals electri-
cally rotates during firing.

In some embodiments, the orientations of the first trans-
mitter, the second transmitter, and the receiver are substan-
tially perpendicular to each other.

In some embodiments, the orientation of the receiver is
substantially parallel to the longitudinal axis of the tool body.

In some embodiments, the method for performing detec-
tion of a bed boundary further includes providing an equation

{ my = mocos(r)

my = mosin(r)

to modulate the magnetic moments of the electromagnetic
signals to be transmitted by the first and the second transmit-
ters; where m, and m, are magnetic moments applied to the
first transmitter and the second transmitter, respectively; m, is
the magnitude of the magnetic moment; Q is an angular
frequency of the electrical rotation of the magnetic moments
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of'the modulated electromagnetic signals; and t is a length of
time from start of the electrical rotation.

In some embodiments, the angular frequency is adjustable.

In other embodiments, the method for performing detec-
tion of a bed boundary further includes measuring the modu-
lated electromagnetic signals from the first transmitter and
the second transmitter at different electrical rotation angles.

In other embodiments, the method for performing detec-
tion of a bed boundary further includes providing a conver-
sion chart to facilitate a computation of the orientation and
location of the bed boundary based on the amplitudes and
phases of the electromagnetic signals received and measured
at the receiver.

In some embodiments, the method for performing detec-
tion the distance of a bed boundary further includes retrieving
information of formation resistivity from a logging tool
which is coupled with the tool body.

In still other embodiments, the method for performing
detection of a bed boundary further includes providing a
conversion chart to facilitate a computation of the orientation
and location of the bed boundary based on the amplitudes and
phases of the electromagnetic signals received and measured
at the receiver and the information of formation resistivity
retrieved from the logging tool.

In one preferred embodiment, an apparatus for detection of
a bed boundary includes a tool body with a longitudinal axis,
a first transmitter deployed on the tool body and oriented in a
first direction, a second transmitter deployed on the tool body
and oriented in a second direction, and a receiver deployed on
the tool body and oriented substantially parallel to the longi-
tudinal axis of the tool body.

In some embodiments, the first transmitter and the second
transmitter transmit electromagnetic signals, the magnetic
moments of which are modulated to make the vector of the
total magnetic moment of the electromagnetic signals to elec-
trically rotate while the first transmitter and the second trans-
mitter are fired substantially simultaneously.

In some embodiments, the receiver receives and measures
the modulated electromagnetic signals from the first trans-
mitter and the second transmitter and computes the orienta-
tion and location of the bed boundary based on the measured
amplitudes and phases of the electromagnetic signals.

In some embodiments, the tool body is a drill string or a
drill collar.

In some embodiments, the first transmitter is collocated
with or at an axial distance from the second transmitter.

In some embodiments, all of the first transmitter, the sec-
ond transmitter, and the receiver include at least one antenna.

In some embodiments, the first direction of the first trans-
mitter is substantially perpendicular to the second direction of
the second transmitter.

In some embodiments, the receiver is oriented perpendicu-
lar to the first direction of the first transmitter and the second
direction of the second transmitter.

In some embodiments, the electromagnetic signals are
modulated according to an equation

{ my = mocos(r)

my = mosin(Qr)

where m,; and m, are magnetic moments applied to the first
transmitter and the second transmitter, respectively; m, is the
magnitude of the magnetic moment; €2 is an angular fre-
quency of the electrical rotation of the magnetic moments of
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the modulated electromagnetic signals; and t is a length of
time from start of the electrical rotation.

In some embodiments, the first and second transmitters
include a transmitter circuit to modulate the electromagnetic
signals to be transmitted.

In some embodiments, the receiver includes a receiver
circuit configured to process the received electromagnetic
signals and analyze their amplitudes and phases.

In some embodiments, the receiver circuit is coupled with
a processor configured to help compute the orientation and
location of the bed boundary.

In still some embodiments, the processor is coupled with a
storage device which is stored with a conversion chart to
facilitate a computation of the orientation and location of the
bed boundary based on the amplitudes and phases of the
electromagnetic signals received and measured at the
receiver.

In another preferred embodiment, an apparatus for detec-
tion of a bed boundary includes a tool body with a longitudi-
nal axis, a first transmitter deployed on the tool body, a second
transmitter deployed on the tool body and substantially per-
pendicular to the first transmitter, and a receiver deployed on
the tool body and oriented substantially parallel to the longi-
tudinal axis of the tool body.

In some embodiments, the first transmitter and the second
transmitter transmit electromagnetic signals, the magnetic
moments of which are modulated to make the vector of the
total magnetic moment of the electromagnetic signals to elec-
trically rotate as a function of time while the first transmitter
and the second transmitter are fired substantially simulta-
neously.

In other embodiments, the receiver receives and measures
the modulated electromagnetic signals from the first trans-
mitter and the second transmitter and computes the orienta-
tion and location of the bed boundary based on the measured
amplitudes and phases of the electromagnetic signals.

In still other embodiments, the apparatus for detection of a
bed boundary further includes a logging tool for measuring
formation resistivity.

In another embodiment, the receiver comprises a conver-
sion chart to convert the correlated information of the ampli-
tudes of the electromagnetic signals measured at the receiver
and formation resistivity measured by the logging tool into
the orientation and location of the bed boundary.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings described herein are for the purposes of
illustrating selected embodiments and not all possible imple-
mentations, and are not intended to limit the scope of the
present disclosure.

The detailed description will be better understood in con-
junction with the accompanying drawings as follows:

FIG. 1 illustrates a prior art of a conventional resistivity
tool.

FIG. 2 illustrates a borehole divided into a number of bins
(or sectors) for logging.

FIG. 3A illustrates a front view of a directional resistivity
tool according to some embodiments of the present invention.

FIG. 3B illustrates the total magnetic moment M of a pair
of an x-transmitter and a y-transmitter shown on an x-y plane.

FIG. 3C illustrates a schematic presentation, partially in
block diagram form, of the directional resistivity tool shown
in FIG. 3A.
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FIG. 4 A illustrates an exemplary model to demonstrate that
directional measurements can be performed by applying an
electrical rotation technique according to some embodiments
of the present invention.

FIG. 4B is a perspective view of three-dimensional illus-
tration of FIG. 4A under a boundary condition according to
some embodiments of the present invention.

FIG. 4C is a perspective view of three-dimensional illus-
tration of FIG. 4A under another boundary condition accord-
ing to some embodiments of the present invention.

FIG. 5A illustrates modeling results in term of a data graph
of' signal amplitude versus electrical rotation angle according
to some embodiments of the present invention.

FIG. 5B illustrates modeling results in term of a data graph
of signal phase versus electrical rotation angle according to
some embodiments of the present invention.

FIG. 6A illustrates modeling results in term of a data graph
of' signal amplitude versus electrical rotation angle according
to other embodiments of the present invention.

FIG. 6B illustrates modeling results in term of a data graph
of signal phase versus electrical rotation angle according to
other embodiments of the present invention.

FIG. 7 illustrates modeling results in term of a data graph of
relative signal amplitude versus boundary distance according
to some embodiments of the present invention.

FIG. 8 illustrates a flow chart of a method for bed boundary
detection.

The present embodiments are detailed below with refer-
ence to the listed Figures.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

FIG. 3A illustrates a front view of a directional resistivity
tool according to some embodiments of the present invention.
The directional resistivity tool can include a tool body 300,
two transmitters with x-direction and y-direction axes: an
x-transmitter 304 and a y-transmitter 302, a receiver with a
z-direction axis: a z-receiver 306, and the drill bit 112 at a
distal end of the tool body 300. A coordinate system (X,y,z)
associated with the tool body 300 is shown. The direction of
the longitudinal axis of the tool body 300 is defined as the
z-direction in the present coordinate system (X,y,z). The
x-transmitter 304, the y-transmitter 302, and the z-receiver
306 can include one or more antennas to transmit or receive
electromagnetic signals. The x-transmitter 304 can be collo-
cated with the y-transmitter 302 or at an axial distance from
the y-transmitter 302.

In some embodiments, the tool body 300 can be a drill
collar or a drill string.

In some embodiments, the orientations of the transmitters
can vary.

The present invention is in no way limited to any particular
number, orientation, or shape of the transmitter and the
receiver.

To make directional measurements, instead of rotating the
tool body 300 mechanically, the tool body 300 can be stand-
still by utilizing an electrical rotation technique to electrically
sweep the polarization of the total magnetic moment of the
x-transmitter 304 and the y-transmitter 302, to mimic the
effect of mechanical rotation of the tool body 300. The elec-
trical rotation technique can be initiated from modulating
electromagnetic signals transmitted out by the x-transmitter
304 and the y-transmitter 302. The magnetic moments of the
modulated electromagnetic signals can be expressed in Equa-
tion (1) below.
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{ my = mocos(r) (9]

my, = mosin(€¥r)

where m, and m,, can be the magnetic moments applied to
the x-transmitter 304 and the y-transmitter 302, respectively;
m, can be the magnitude of the magnetic moment; €2 can be
an angular frequency of the electrical rotation of the magnetic
moments of the modulated electromagnetic signals; and t can
be a length of time from start of the electrical rotation.

Based on the modulation shown in Equation (1), the total

magnetic moment M of the pair of the x-transmitter 304 and
the y-transmitter 302 can be expressed by Equation (2) below.

M=£mq cos(Qf)+Fmq sin(Q1)

@

where X and ¥ denote the unit vector in x-direction and
y-direction respectively.

FIG. 3B illustrates the total magnetic moment M of the pair
of the x-transmitter 304 and the y-transmitter 302 shown on

an x-y plane. The total magnetic moment M of the pair of the
x-transmitter 304 and the y-transmitter 302 can have an elec-
trical rotation vector 308. ¢ is the angle of the electrical
rotation vector 308 measured counterclockwise from the
positive x-axis. ¢ can be set equal to Qt as a time function for
mimicking the behavior of mechanical rotation of a conven-
tional resistivity tool. The time duration for a complete mea-
surement cycle is therefore equal to 2r/Q. The angular fre-
quency € of the electrical rotation of the magnetic moments
of the modulated electromagnetic signals can be in the same
magnitude of the mechanical rotation speed for a conven-
tional resistivity tool. Furthermore, the angular frequency €2
of the electrical rotation of the magnetic moments of the
modulated electromagnetic signals can even be faster because
the electrical rotation has no any physical limitation like the
mechanical rotation does. Based on the Equation (2), the total

magnetic moment M measured as a counterclockwise rota-
tion from the positive x-axis can be expressed as following
Equations (3-11) at different time between t=0 to 2. A com-
plete cycle of rotation from degrees 0 to 2 from the positive
x-axis can be divided into four quadrants: the first quadrant
310, the second quadrant 312, the third quadrant 314, and the
fourth quadrant 316.
At 1=0, M=%my (3)
The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 in the direction of the positive x-axis.

At /(4Q), M=(F+P)moh3 @

The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 with an angle of 45 degrees measured
counterclockwise from the positive x-axis.

At =1/(2Q), M=$my )

The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 in the direction of the positive y-axis.

At 1=30(4Q), M=(-5+5)moN2 (6)

The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
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rotation vector 308 with an angle of 135 degrees measured
counterclockwise from the positive x-axis.
At =1(Q), M=—%mq D
The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 in the direction of the negative x-axis.
At (=53(4Q), M=(~F-P)mNT (%)
The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 with an angle of 225 degrees measured
counterclockwise from the positive x-axis.

At 1=30/(2Q), M=—Fmq )
The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical

rotation vector 308 in the direction of the negative y-axis.
At 1=T/(4Q2), M=F-F)moVZ (10)

The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 with an angle of 315 degrees measured
counterclockwise from the positive x-axis.

At 1=20/(Q), M=fmy (11

The total magnetic moment M of the pair of the x-trans-
mitter 304 and the y-transmitter 302 can have an electrical
rotation vector 308 back in the direction of the positive x-axis,
which is the same as the direction of the electrical rotation
vector 308 at the very beginning of the cycle of rotation.
Equation (3) is therefore equal to Equation (11).

In some embodiments, the tool body 300 still can mechani-
cally rotate while the electrical rotation technique is being
applied.

FIG. 3C illustrates a schematic presentation, partially in
block diagram form, of the directional resistivity tool shown
in FIG. 3A. The x-transmitter 304 and the y-transmitter 302
can further include a transmitter circuit 318 to modulate the
electromagnetic signals to be transmitted out by the antennas
of the x-transmitter 304 and the y-transmitter 302. The z-re-
ceiver 306 can further include a receiver circuit 320 to process
electromagnetic signals received by the antennas of the z-re-
ceiver 306 from the x-transmitter 304 and the y-transmitter
302 and analyze their amplitudes and phases.

In some embodiments, the receiver circuit 320 can be
coupled with a processor 322 to help process and analyze the
amplitudes and phases of the received electromagnetic sig-
nals and compute the orientation and location of a bed bound-
ary nearby the tool body 300 accordingly.

In some embodiments, the transmitter circuit 318 also can
be coupled with the processor 322.

In some embodiments, the tool body 300 can further be
coupled with one or more logging tools (not shown in FIG. 3A
or 3C) for measuring resistivity, dielectric constant, and per-
meability of surrounding formation. The location of a bed
boundary nearby the tool body 300 can also be computed
according to the correlation results of amplitudes and phases
of the electromagnetic signals received at the z-receiver 306
and the information of resistivity, dielectric constant and per-
meability of surrounding formation computed by the logging
tool. Accordingly, the location of a bed boundary (the dis-
tance from the tool body 300 to a bed boundary) can be
derived as a function of the amplitudes of measured electro-
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magnetic signals (signal voltages), resistivities of two forma-
tions with a bed boundary in between, dielectric constants of
two formations with a bed boundary in between, and perme-
abilities of two formations with a bed boundary in between as
Equation (12) below.

AV e R 1 R2,€ 1,62, 11,H2)

where d can be the distance between the tool body 300 and
a bed boundary; V,,,,,.. can be the maximum voltage of mea-
sured electromagnetic signals; R, and R, can be the resistivi-
ties of two formations on two sides of a bed boundary; €, and
€, can be the dielectric constants of two formations on two
sides of a bed boundary; and i, and p, can be the permeabili-
ties of two formations on two sides of a bed boundary.

When three or more formations are near a bed boundary,
Equation (12) may require more variables because more
information of resistivity, dielectric constant, and permeabil-
ity is involved.

However, if electromagnetic signals are at low frequency,
the resistivities of two formations would be in a dominant role
to decide the distance between the tool body 300 and a bed
boundary. Accordingly, Equation (12) should be changed to
Equation (13) below while operating at low frequency.

(12)

d=fV,, R 1.R>) (13)

In some embodiments, the information of resistivity,
dielectric constant and permeability of surrounding forma-
tion can be provided by other multi-depth resistivity tool(s)
deployed on the tool body 300.

In some embodiments, the processor 322 can be coupled
with a storage device 324, which can be stored with one or
more pre-built conversion chart(s). The conversion chart can
be a multi-dimensional look-up table which is pre-calculated
by using an electromagnetic forward modeling software.
Therefore, the pre-built conversion chart(s) can save the time
to actually “calculate” the information of the location and
orientation of a bed boundary based on the measured raw data
of amplitudes and phases of electromagnetic signals. The
conversion process can utilize an interpolation and/or
extrapolation algorithm.

The pre-built conversion charts can include (1) a chart to
convert the measured amplitudes and phases of electromag-
netic signals into corresponding information of orientation
and location of a nearby bed boundary; (2) a chart to convert
the measured amplitudes of electromagnetic signals and the
information of formation resistivity, formation dielectric con-
stant, and formation permeability into information of location
of a nearby bed boundary; and (3) a chart to convert the
measured amplitudes of electromagnetic signals and the
information of formation resistivity into information of'loca-
tion of a nearby bed boundary.

The present invention is in no way limited to any particular
information combination for being used with conversion
charts.

FIG. 4A illustrates an exemplary model 400 to demonstrate
that directional measurements can be performed by applying
the electrical rotation technique according to some embodi-
ments of the present invention. The model 400 can include a
first formation 404, a second formation 406, and a boundary
402 located in between the first formation 404 and the second
formation 406. The surface of the boundary 402 can be sub-
stantially parallel to the z-y plane. The directional resistivity
tool with a longitudinal axis in the z-direction according to
some embodiments of the present invention can be put in the
second formation 406 to initial measurements. The electro-
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magnetic signals to be transmitted by the x-transmitter 304
and the y-transmitter 302 can be modulated according to
Equation (1).

FIG. 4B and FIG. 4C are a perspective view of three-
dimensional illustration of FIG. 4A under two boundary con-
ditions. In FIG. 4B, the electrical rotation vector 308 of the

total magnetic moment M of the pair of the x-transmitter 304
and the y-transmitter 302 is substantially parallel to the sur-
face of the boundary 402 and in the direction of the negative
y-axis. According to the electromagnetic theory, the total

magnetic moment M of the x-transmitter 304 and the y-trans-
mitter 302 can induce electrical current components 408 to
flow in the longitudinal direction of the tool body 300 (z-di-
rection) at the boundary 402. Then, the induced electrical
current components 408 flowing in the longitudinal direction
of the tool body 300 (z-direction) can generate a secondary
magnetic field 410 with an axis parallel to the axis of the
z-receiver 306. As a result, the strength of electromagnetic
signals induced on the z-receiver 306 would be minimum
strength.

In FIG. 4C, the electrical rotation vector 308 of the total

magnetic moment M of the pair of the x-transmitter 304 and
the y-transmitter 302 is substantially perpendicular to the
surface of the boundary 402 and in the direction of the posi-
tive x-axis. According to the electromagnetic theory, the total

magnetic moment M of the x-transmitter 304 and the y-trans-
mitter 302 can induce electrical current components 408 to
flow in the direction perpendicular to the longitudinal direc-
tion (z-direction) of the tool body 300 at the boundary 402.
Then, the induced electrical current components 408 flowing
in the direction perpendicular to the longitudinal direction
(z-direction) of the tool body 300 can generate a secondary
magnetic field 410 perpendicular to the surface of the z-re-
ceiver 306. As a result, the strength of electromagnetic signals
induced on the z-receiver 306 would be maximum strength.

FIG. 5A illustrates modeling results in term of a data graph
of' signal amplitude versus electrical rotation angle according
to some embodiments of the present invention. A wave with
absolute value of the sine wave 500 represents the amplitudes
of induced electromagnetic signals on the z-receiver 306
measured counterclockwise from the positive x-axis at dif-
ferent angles during a complete cycle of electrical rotation
(0~360 degrees) when the first formation 404 and the second
formation 406 are not the same and have a boundary 402 in
between. A nearly straight line 502 represents the amplitudes
of induced electromagnetic signals on the z-receiver 306
measured counterclockwise from the positive x-axis at dif-
ferent angles in a complete cycle of electrical rotation (0~360
degrees) when the first formation 404 and the second forma-
tion 406 are substantially the same and have no boundary 402
in between (homogeneous formation). Therefore, the pres-
ence of the wave with absolute value of the sine wave 500 can
indicate the presence of the boundary 402.

Furthermore, FIG. 5A shows that the maximum signal
amplitude can be measured when the electrical rotation vec-

tor 308 of the total magnetic moment M of the pair of the
x-transmitter 304 and the y-transmitter 302 isat 0, 180, or 360
degrees. Referring to the boundary condition shown in FIG.
4C, the maximum amplitudes of electromagnetic signals can
be induced when the electrical rotation vector 308 of the total

magnetic moment M of the pair of the x-transmitter 304 and
the y-transmitter 302 is substantially perpendicular to the
surface of the boundary 402. FIG. 5A also shows that the
minimum signal amplitude can be measured when the elec-

10

15

20

25

30

35

40

45

50

55

60

65

10

trical rotation vector 308 of the total magnetic moment M of
the pair of the x-transmitter 304 and the y-transmitter 302 is at
90 and 270 degrees. Referring to another boundary condition
shown in FIG. 4B, the minimum amplitudes of electromag-
netic signals can be induced when the electrical rotation vec-

tor 308 of the total magnetic moment M of the pair of the
x-transmitter 304 and the y-transmitter 302 is substantially
parallel to the surface to the boundary 402.

Based on the data provided in FIG. 5A and two boundary
conditions illustrated in FIGS. 4B and 4C, it can be concluded
that the orientation of the boundary 402 can be derived with
the known information of electrical rotation vector 308 of the

total magnetic moment Mofthe pair of the x-transmitter 304
and the y-transmitter 302 and the known information of rela-
tionship between it and the surface of the boundary 402. For
example, the result that the surface of the boundary 402 is
substantially on the z-y plane can be derived from the known
information that the maximum amplitudes of electromag-
netic signals can be induced on the z-receiver 306 when the

electrical rotation vector 308 of the total magnetic moment M
with an angle of 0, 180, or 360 degree measured counter-
clockwise from the positive x-axis is perpendicular to the
surface of the boundary 402. Also, the same results can be
derived from the known information that the minimum ampli-
tudes of electromagnetic signals can be induced on the z-re-
ceiver 306 when the electrical rotation vector 308 of the total

magnetic moment M with an angle of 90 or 270 degree
measured counterclockwise from the positive x-axis is paral-
lel to the surface of the boundary 402. If the boundary 402 is
not substantially on the z-y plan, the amplitudes of electro-
magnetic signals induced on the z-receiver 306 measured
counterclockwise from the positive x-axis at different angles
during a complete cycle of electrical rotation (0~360 degrees)
would not be the same as the wave with absolute value of the
sine wave 500 shown in FIG. 5A.

FIG. 5B illustrates modeling results in term of a data graph
of signal phase versus electrical rotation angle according to
some embodiments of the present invention. A curve 504,
which is similar to a sine wave, represents the phases of the
induced electromagnetic signals on the z-receiver 306 mea-
sured counterclockwise from the positive x-axis at different
angles during a complete cycle of electrical rotation (0~360
degrees) when the first formation 404 and the second forma-
tion 406 are not the same and have a boundary 402 in
between. When the electrical rotation vector 308 of the total

magnetic moment M of the pair of the x-transmitter 304 and
the y-transmitter 302 falls within the sector 310 (0~90
degrees) and the sector 316 (270~360 degrees) as shown in
FIG. 2B, the values of the signal phases are positive. When the

electrical rotation vector 308 of the total magnetic moment M
of the pair of the x-transmitter 304 and the y-transmitter 302
falls within the sector 312 (90~180 degrees) and the sector
314 (180~270 degrees) as shown in FIG. 2B, the values of the
signal phases are negative. [fthe boundary 402 is not substan-
tially on the z-y plan, the phases of electromagnetic signals
induced on the z-receiver 306 measured counterclockwise
from the positive x-axis at different angles during a complete
cycle of electrical rotation (0~360 degrees) would not be the
same as the curve 504 shown in FIG. 5B.

In conclusion, the orientation of the boundary 402 can be
identified according to the data of signal amplitude and signal
phase versus electrical rotation angle.

Insome embodiments, electromagnetic signals transmitted
from the x-transmitter 304 and the y-transmitter 302 can be



US 9,341,734 B2

11

modulated in a different way. The corresponding magnetic
moments of the modulated electromagnetic signals can be
expressed in Equation (14) below.

{ my = mosin(dr) (14)

my, = mocos(£2)

where m, and m,, can be the magnetic moments applied to
the x-transmitter 304 and the y-transmitter 302, respectively;
my, can be the magnitude of the magnetic moment; €2 can be
an angular frequency of the electrical rotation of the magnetic
moments of the modulated electromagnetic signals; tcanbe a
length of time from start of the electrical rotation.

Based on the modulation shown in Equation (14), the total

magnetic moment M of the pair of the x-transmitter 304 and
the y-transmitter 302 can be expressed by Equation (15)
below.

A7I:J€m0 sin(Qe)+Pm cos(Qt)

15

where X and ¥ denote the unit vector in x-direction and
y-direction respectively.

Accordingly, the modeling results in term of a data graph of
signal amplitude versus electrical rotation angle as shown in
FIG. 6A and the modeling results in term of a data graph of
signal phase versus electrical rotation angle as shown in FIG.
6B would not be the same as the data shown in FIGS. 5A and
5B, even though the direction resistivity tool is tested in the
same model 400, which has the same boundary 402 on the z-y
plane.

The present invention is in no way limited to any particular
function or equation to modulate electromagnetic signals.

FIG. 7 illustrates modeling results in term of a data graph of
relative signal amplitude versus boundary distance according
to some embodiments of the present invention. FIG. 7 shows
that the measured amplitudes of the electromagnetic signals
induced on the z-receiver 306 can be correlated to the location
of the boundary 402. The closer the tool body 300 is to the
boundary 402, the stronger signal amplitudes would be.

In conclusion, the location of the boundary 402 can be
identified according to the data of amplitudes of electromag-
netic signals induced on the z-receiver 306 versus electrical
rotation angle.

In some embodiments, the location of the boundary 402
can also be computed according to the correlation between
the information of signal amplitude and known formation
resistivity, dielectric constant, and permeability.

FIG. 8 illustrates a flow chart of a method for bed boundary
detection. A method for performing detection of a bed bound-
ary includes deploying a tool body in a borehole 800; the tool
body being deployed with a first transmitter, a second trans-
mitter, and a receiver, all of which are oriented in different
directions, modulating the magnetic moments of electromag-
netic signals to be transmitted by the first transmitter and the
second transmitter 802, firing the first transmitter and the
second transmitter substantially simultaneously 804; wherein
the total magnetic moment of the modulated electromagnetic
signals transmitted by the first transmitter and the second
transmitter electrically rotating during firing, utilizing the
receiver to receive and measure the modulated electromag-
netic signals from the first transmitter and the second trans-
mitter 806, computing the orientation and location of the bed
boundary based on the amplitudes and phases of the electro-
magnetic signals received and measured at the receiver 808.
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In some embodiments, the orientations of the first trans-
mitter, the second transmitter, and the receiver can be sub-
stantially perpendicular to each other.

In some embodiments, the orientation of the receiver can
be substantially parallel to the longitudinal axis of the tool
body.

In some embodiments, the method for performing detec-
tion of a bed boundary includes providing an equation

{ my = mocos(r)

my = mosin(r)

to modulate the magnetic moments of electromagnetic sig-
nals to be transmitted by the first and the second transmitters;

where m, and m, can be the magnetic moments applied to
the first transmitter and the second transmitter, respectively;
m, can be the magnitude of the magnetic moment; €2 can be
an angular frequency of the electrical rotation of the magnetic
moments of the modulated electromagnetic signals; and t can
be a length of time from start of the electrical rotation.

In some embodiments, the angular frequency can be
adjustable.

In some embodiments, the method for performing detec-
tion of a bed boundary includes measuring the modulated
electromagnetic signals from the first transmitter and the
second transmitter at different electrical rotation angles (dif-
ferent bins or sectors).

In some embodiments, the method for performing detec-
tion of a bed boundary includes providing a conversion chart
to facilitate a computation of the orientation and location of
the bed boundary based on the amplitudes and phases of the
electromagnetic signals received and measured at the
receiver. In some embodiments, the method for performing
detection of a bed boundary includes retrieving information
of formation resistivity from a logging tool which is coupled
with the tool body.

In some embodiments, the method for performing detec-
tion of a bed boundary includes providing a conversion chart
to facilitate a computation of the orientation and location of
the bed boundary based on the amplitudes and phases of the
electromagnetic signals received and measured at the receiver
and the information of formation resistivity retrieved from a
logging tool.

The present invention is in no way limited to any particular
order of steps or requires any particular step illustrated in FIG.
8.

The present invention has been described in terms of spe-
cific embodiments incorporating details to facilitate the
understanding of principles of construction and operation of
the invention. Such reference herein to specific embodiments
and details thereof is not intended to limit the scope of the
claims appended hereto. It will be readily apparent to one
skilled in the art that other various modifications may be made
in the embodiment chosen for illustration without departing
from the spirit and scope of the invention as defined by the
claims.

What is claimed is:
1. A method for performing detection of a bed boundary
comprising:
deploying a tool body with a longitudinal axis in a bore-
hole; wherein the tool body being deployed with a first
transmitter, a second transmitter, and a receiver, all of
which are oriented in different directions;
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modulating the magnetic moments of electromagnetic sig-
nals to be transmitted by the first transmitter and the
second transmitter;

firing the first transmitter and the second transmitter sub-

stantially simultaneously; wherein the vector of the total
magnetic moment of the modulated electromagnetic
signals electrically rotating during firing;

utilizing the receiver to receive and measure the modulated

electromagnetic signals from the first transmitter and the
second transmitter; and

computing the orientation and location of the bed boundary

based on the amplitudes and phases of the electromag-
netic signals received and measured at the receiver.

2. The method for performing detection of a bed boundary
according to claim 1 wherein the orientations of the first
transmitter, the second transmitter, and the receiver are sub-
stantially perpendicular to each other.

3. The method for performing detection of a bed boundary
according to claim 2 wherein the orientation of the receiver is
substantially parallel to the longitudinal axis of the tool body.

4. The method for performing detection of a bed boundary
according to claim 1 further comprises providing an equation

{ my = mocos(r)

my = mysin(r)

to modulate the magnetic moments of the electromagnetic
signals to be transmitted by the first and the second transmit-
ters; wherein m, and m, are magnetic moments applied to the
first transmitter and the second transmitter, respectively; m, is
the magnitude of the magnetic moment; Q is an angular
frequency of the electrical rotation of the magnetic moments
of'the modulated electromagnetic signals; and t is a length of
time from start of the electrical rotation.

5. The method for performing detection of a bed boundary
according to claim 4 wherein the angular frequency is adjust-
able.

6. The method for performing detection of a bed boundary
according to claim 1 further comprises measuring the modu-
lated electromagnetic signals from the first transmitter and
the second transmitter at different electrical rotation angles.

7. The method for performing detection of a bed boundary
according to claim 1 further comprises providing a conver-
sion chart to facilitate a computation of the orientation and
location of the bed boundary based on the amplitudes and
phases of the electromagnetic signals received and measured
at the receiver.

8. The method for performing detection of a bed boundary
according to claim 1 further comprises retrieving information
of formation resistivity from a logging tool which is coupled
with the tool body.

9. The method for performing detection of a bed boundary
according to claim 8 further comprises providing a conver-
sion chart to facilitate a computation of the orientation and
location of the bed boundary based on the amplitudes and
phases of the electromagnetic signals received and measured
at the receiver and the information of formation resistivity
retrieved from the logging tool.

10. An apparatus for detection of a bed boundary compris-
ing:
a tool body with a longitudinal axis;
afirst transmitter deployed on the tool body and oriented in

a first direction;

a second transmitter deployed on the tool body and ori-
ented in a second direction;
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wherein the first transmitter and the second transmitter
transmitting electromagnetic signals, the magnetic
moments of which are modulated to make the vector of
the total magnetic moment of the electromagnetic sig-
nals to electrically rotate while the first transmitter and
the second transmitter are fired substantially simulta-
neously;

a receiver deployed on the tool body and oriented substan-
tially parallel to the longitudinal axis of the tool body;
and

wherein the receiver receiving and measuring the modu-
lated electromagnetic signals from the first transmitter
and the second transmitter and computing the orienta-
tion and location of the bed boundary based on the
measured amplitudes and phases of the electromagnetic
signals.

11. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the tool body is a drill string or a drill
collar.

12. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the first transmitter is collocated with
or at an axial distance from the second transmitter.

13. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein all of the first transmitter, the second
transmitter, and the receiver comprise at least one antenna.

14. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the first direction of the first trans-
mitter is substantially perpendicular to the second direction of
the second transmitter.

15. The apparatus for detection of a bed boundary accord-
ing to claim 14 wherein the receiver is oriented perpendicular
to the first direction of the first transmitter and the second
direction of the second transmitter.

16. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the electromagnetic signals are
modulated according to an equation

{ my = mocos(r)

my = mosin(Q)

wherein m, and m, are magnetic moments applied to the first
transmitter and the second transmitter, respectively; m, is the
magnitude of the magnetic moment; €2 is an angular fre-
quency of the electrical rotation of the magnetic moments of
the modulated electromagnetic signals; and t is a length of
time from start of the electrical rotation.

17. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the first and second transmitters
comprise a transmitter circuit to modulate the electromag-
netic signals to be transmitted.

18. The apparatus for detection of a bed boundary accord-
ing to claim 10 wherein the receiver comprises a receiver
circuit configured to process the received electromagnetic
signals and analyze their amplitudes and phases.

19. The apparatus for detection of a bed boundary accord-
ing to claim 18 wherein the receiver circuit is coupled with a
processor configured to help compute the orientation and
location of the bed boundary.

20. The apparatus for detection of a bed boundary accord-
ing to claim 19 wherein the processor is coupled with a
storage device which is stored with a conversion chart to
facilitate a computation of the orientation and location of the
bed boundary based on the amplitudes and phases of the
electromagnetic signals received and measured at the
receiver.
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21. An apparatus for detection of a bed boundary compris-
ing:

a tool body with a longitudinal axis;

a first transmitter deployed on the tool body;

a second transmitter deployed on the tool body and sub- 5

stantially perpendicular to the first transmitter;

wherein the first transmitter and the second transmitter

transmitting electromagnetic signals, the magnetic
moments of which are modulated to make the vector of
the total magnetic moment of the electromagnetic sig- 10
nals to electrically rotate as a function of time while the
first transmitter and the second transmitter are fired sub-
stantially simultaneously;

areceiver deployed on the tool body and oriented substan-

tially parallel to the longitudinal axis of the tool body; 15
and

wherein the receiver receiving and measuring the modu-

lated electromagnetic signals from the first transmitter
and the second transmitter and computing the orienta-
tion and location of the bed boundary based on the 20
measured amplitudes and phases of the electromagnetic
signals.

22. The apparatus for detection of a bed boundary accord-
ing to claim 21 further comprises a logging tool for measuring
formation resistivity. 25

23. The apparatus for detection of a bed boundary accord-
ing to claim 22 wherein the receiver comprises a conversion
chart to convert the correlated information of the amplitudes
of the electromagnetic signals measured at the receiver and
formation resistivity measured by the logging tool into the 30
orientation and location of the bed boundary.
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